A side-fed crossed Dragone telescope provides a wide fieldof-view. This type of a telescope is commonly employed in the measurement of cosmic microwave background (CMB) polarization, which requires an image-space telecentric telescope with a large focal plane over broadband coverage. We report the design of the wide field-of-view crossed Dragone optical system using the anamorphic aspherical surfaces with correction terms up to the 10th order. We achieved the Strehl ratio larger than 0.95 over 32 × 18 square degrees at 150 GHz. This design is an image-space telecentric and fully diffraction-limited system below 400 GHz. We discuss the optical performance in the uniformity of the axially symmetric point spread function and telecentricity over the field-of-view. We also address the analysis to evaluate the polarization properties, including the instrumental polarization, extinction rate, and polarization angle rotation. This work is a part of programs to design a compact multi-color wide field-of-view telescope for LiteBIRD, which is a next generation CMB polarization satellite.
Introduction
The measurements of the cosmic microwave background (CMB) have been providing the information on the physics of the early universe. While the temperature anisotropy of the CMB has been characterized in detail enough to establish the current modern cosmology, there is still an increasing interest of measuring the linear CMB polarization pattern called B-mode. The measurement of the primordial B-mode is sensitive to test the theory of inflation before the hot big bang and there is a worldwide competition to detect this signal [1, 2] .
The signal from the inflation is as low as nano Kelvin scale fluctuation at large angular scales (i.e., degree scale), compared with the uniform CMB temperature field at 3 Kelvin. Thus, a corresponding telescope requires a capability to observe the full sky with high efficiency to increase the detection sensitivity. The goal of design optimization for such an optical system is often to maximize the telescope throughput, AΩ, where A is an entrance pupil area and Ω is a solid angle corresponding to a field-of-view (FOV).
A crossed Dragone (CD) type, which consists of two mirrors of an offset paraboloid and an offset hyperboloid, is one of such survey-type telescopes [3, 4] . The trade-off study by Tran et al. shows clear advantages of CD telescope configuration in the wide FOV, the telecentricity over a large focal plane area, and compactness in size [5] . The side-fed CD configuration has been actually employed in CMB telescopes such as QUIET and ABS [6, 7, 8] , and the CD telescope also becomes a candidate of optical configuration for the post Planck CMB polarization satellite telescopes, including EPIC-IM and LiteBIRD [9, 10, 11] .
While the CD configuration provides a wide FOV without significant aberrations, there is a rapid increase of our interest to expand further its limit to populate an even larger number of detectors over the broader frequency coverage [12] . Niemack has addressed the option to increase the available focal plane area by increasing the F number, the ratio of focal length to effective aperture diameter [13] . This is an attractive approach when the optical envelope is not restricted, e.g. for a groundbased telescope. Also, a similar approach as we describe in this paper appears in de Bernardis et al. [14] .
We explore for the image-space telecentric and diffractionlimited system equipped with the wide focal plane without extending the optical envelope. This is particularly important for a balloon and satellite platform due to the limitation in space and mass. We aim at not only increasing the diffraction-limited area over broadband but also minimizing the asymmetry of the point-spread function (PSF) and the non-uniformity of the F number over the focal plane. In this optimization, we employ anamorphic aspherical surfaces for the primary and secondary mirrors using the correction terms up to the 10th order. This allows to increase the degree-of-freedom in the design parameters with the presence of the multiple design constraints.
In this paper, we report the design to achieve the high Strehl ratio, the symmetry of PSF, and telecentricity over a wide FOV. We also evaluate the polarization properties, including the rotation of the electromagnetic plane, cross-polarization, and the instrumentally induced polarization. It is of our great interest to further address the optical properties using the physical optics simulation. The work is in progress and it is beyond the scope of this paper. This work is a part of the program to de-sign a telescope for LiteBIRD, which is a next generation CMB polarization satellite. [15] . The detailed description of concept of the LiteBIRD optics is given by Sugai et al. [11] . Figure 1 shows a schematic view of a CD telescope that we optimize in this paper. It is assumed that LiteBIRD is equipped with this optical system and that a launch vehicle is an H2A or H3 rocket. The corresponding inner space which a telescope is allowed to use is a cylinder with a diameter of ∼ 1.6 m and a height of ∼ 1.6 m [11] . This limitation to the whole size of a telescope restricts the F number. An F number determines the space which the rays need to propagate, and then the mirror perimeters are determined not to vignette the rays. On the other hand, the mirrors can interfere each other mechanically when a too small F number is chosen. Thus, we consider only a CD telescope model with F ∼ 3 and the entrance pupil diameter of 400 mm. The frequency range of our interest is 34-270 GHz.
Design and Optimization

Presumptions
Design requirements
We optimize a CD telescope to satisfy the following requirements over the FOV. It is assumed that the vicinity of the PSF peak can be approximated to an elliptical Gaussian function. One of the characteristic parameter is the third flattening f . It is defined as:
where σmaj and σmin are in major and minor axes, I0 is the peak intensity, (x0, y0) is the peak position on the focal plane, and θ is the angle between x axis and the major axis. The requirements are derived from the multiple drivers in the CMB experiment. The recent development of the multi-pixel array is based on the lithography technology, and thus a detector array is fabricated on a silicon wafer [12] . Tiling such silicon wafers allows us to achieve a large focal plane detector array, and thus this drives the requirements, R1 and R3. Particularly, the detection efficiency becomes low when the beam does not enter the feed perpendicularly because the detected power is determined by the convolution of the field distributions from a telescope and a feed.
We introduce R4 to ensure that the coupling between the PSF and the beam pattern of the feed-horn is spatially uniform over the focal plane. If the target F number is set to 3 R4 means that the F number should be controlled within a range of 2.91 to 3.09. In this way, we do not have to fine-tune the feed-horn shape at the center and the edge of the plane. Similarly, the far-field beam pattern is determined by this convolution. In general, a CMB experiment prefers working with an axially symmetric Gaussian beam for the simplicity in analysis and calibration. Thus, this drives the requirement R2. Note that the orientation of the ellipse of PSF is not restricted because only the magnitude of the third flattening can be a problem for a CMB observation. Although we did not include the polarization property as a design requirement, we assess its performance by evaluating the rotation of the electromagnetic plane, cross-polarization, and the instrumentally induced polarization in Sections 3.3.6.2 and 3.3.6.3.
Optimization
We introduce the anamorphic aspherical surface as the following equation for both the primary mirror (PM) and the secondary mirror (SM):
where m = PM, SM, Cm,x and Cm,y are curvatures for x and y directions, km,x and km,y are conic constants in x and y directions, and Am,i and Bm,i are aspherical coefficients. The variables xm and ym are referenced to the local coordinates defining PM or SM, respectively ( Fig. 1 ). The origins of the coordinate (xm, ym) are located at (x, y, z) = (0, ym,0, zm,0) and rotated about the x axis by an angle θm. The equation is an even function of xm and ym, and the offsets to define mirrors are chosen in y direction so that the symmetry at the yz plane in Figure 1 is maintained. We conduct the optimization for three cases:
• simple off-axis conic surface (SCS)
• anamorphic conic surfaces without higher-order terms (ACS)
• anamorphic aspherical surfaces with terms up to the 10 th order (AAS).
The first case corresponds to the special case of Eq. (3) with Cm,x = Cm,y, km,x = km,y, and Am,i = Bm,i = 0. The second case corresponds to Cm,x = Cm,y and km,x = km,y, but Am,j = Bm,j = 0. The third case is Eq. (3) itself including all the parameters.
The optimization is carried out with the following constraints.
C1. Distance between aperture and rays: > 120 mm, C2. Distance between rays and mirrors: > 30 mm, C3. Crossed angle of the optical axis between the primary and secondary mirrors: about 112 degs.
These constraints are shown in Fig. 1 . The first constraint is motivated by keeping room to equip a baffling structure between aperture and rays, as well as by avoiding the mechanical interference between the aperture and the focal plane. The second one is to keep the electromagnetic waves reflected or diffracted at another optical element away from the mirror of interest. For example, we keep the electromagnetic wave diffracted at the aperture 30-mm away from the secondary. 30 mm corresponds to a few wavelengths in the lowest frequency. The third constraint is set to increase the mechanically available focal plane area and also to minimize stray light within this compact telescope configuration. We choose this value as a reasonable choice but the angles around 112 degrees still achieve the similar functionality. For the simplicity, the optimization is done only at 150 GHz because there is no chromatic aberration for a mirror system. We evaluate the other frequency ranges once the optimization is completed. The optimization and the analysis are done by using CodeV [16] . The SR quoted in this paper is associated with the wave front error via approximation employed by Mahajan [17] . In order to evaluate the variation of the F number and the PSF over the FOV, we employ the ABCD matrix method [18, 19] . To satisfy the requirement R2, the F numbers in x and y directions are controlled instead of the third flattening itself. After optimization, a PSF and third flattening are calculated and confirmed whether they satisfy the requirement R2. Fig. 2 shows the layout obtained in our optimization for the AAS case. Tables 1, 2 , and 3 show the derived parameters for the three cases, SCS, ACS, and AAS. The results and discussion in the present paper are based on these parameters. Fig. 3 shows the slice of the primary and secondary mirrors of the three surface types. There is no apparent higher order spatial variation due to the higher order corrections. When we assume the size of each surface to be 1 m and coincide the center of the mirror, the largest differential sag among the three types is 3 mm between the AAS and the SCS for the primary mirror and 12 mm for the secondary mirror. ratio of about 0.95 is required in order to keep the coupling higher. Another point is that if we explore a larger FOV, the aperture projection onto the plane normal to the chief ray goes to an ellipse. It will give rise to an elliptic PSF. Therefore, we demonstrated the case of 32 18 deg 2 FOV. Figure 5 shows the two-dimensional map of the incident angle of chief rays into the focal plane for the SCS, ACS, and AAS designs. All the designs satisfy the requirement on the telecentricity, smaller than 1 degree. Figure 6 shows the two-dimensional F number distribution of the AAS. With the designed F of 3.05 for the AAS, our restriction corresponds to a range of F numbers between 2.96 and 3.14. Figure 7 shows the third flattening and the rotational directions of the nine PSFs over one side of the FOV. The extracted third flattening and the orientation, θ, is defined in Equation 2.
Results
Mirror sag
Strehl ratio
Telecentricity
Variation of F number
Third flattening
Polarization properties
Although we did not include the polarization properties as a part of the figure-of-merit, it is important to assess its performance. We compute the rotation of the plane of polarization, cross-polarization response of the PSF with respect to the copolarization, and instrumentally-induced polarization. Figure 8 shows the rotational angle of the plane of polarization associated with the chief ray at each field position for AAS design. The results for SCS and ACS designs are nearly identical due to the no significant difference of the incident angle with respect to the primary and secondary mirrors among the surface types.
Rotation
In this analysis, the angle is derived only from the chief ray, and thus the effect of rotation from the geometrical averaging over the illumination pattern on a mirror surface is not considered. In terms of materials, we account for the finite conductivity of an aluminum as well as an SiO layer, a protection coating on aluminum mirrors. The complex index that is used for this analysis is summarized in Table 4 . As shown in Table 4, the loss tangent of SiO is so small and the thickness is also so thin with respect to wavelength that the effect of an SiO layer on polarization is negligible. The use of this type of a telescope is expected to be used at the cryogenic temperature for a next generation CMB polarization experiment. Thus, we employ the complex index of the mirrors from the data at the available lower temperature, 110 K [20] . On the other hand, the index of the SiO coating is only available for a room temperature value [21, 22, 23, 24] . The variation of the rotation over the FOV is less than 2 degrees and this is a part of the quantities to be calibrated. Figure 9 shows the extinction ratio as a measure of cross polarization. We compute the PSF with linearly polarized incident light, and compute the ratio of the peak intensity of the cross response PSF to that of the co-response PSF.
Cross polarization
This ratio is about 10 −5 at the center of the focal plane and the ratio increases as it approaches to the edge of the focal plane. There is no clear difference among the three surface types due to the similarity of the incident angle with respect to the mirror surface at the primary and the secondary mirrors.
The result depends on the surface shape as well as the complex index of the mirror surface. When we vary the complex index of aluminum by 10%, the ratio at the center of the focal plane, 10 −5 , only changes by at the level of 10 −10 . Thus, the choice of the index is not highly sensitive to the results. Figure 10 shows the three elements, MIQ, MIU , MQU of Mueller matrix for AAS design. The Mueller matrix is defined as an end-to-end matrix that includes the primary and the secondary surfaces. The matrix element is written as Mij , where i, j = I, Q, U, V .
Instrumental polarization
This instrumental polarization is produced due to the finite conductivity of the mirror material, and thus it depends on the [20] 2543.4 + 2552.2 i 1 µm 110 K SiO [21, 22, 23, 24] 2 + 8 × 10 −4 i 25 nm room Figure 9 : The extinction rate is computed along the xs and ys axes for three different surface types. The top panel is evaluated at ys = 0, and the bottom is at xs = 0. complex index which we described in Section 3.3.6.1. The instrumental polarization is defined as
IU . MQU does not contribute the instrumental polarization because MQU has the effect of rotating the polarization angle only. Ip is dominated by MIQ and the highest value in the FOV is about 3 × 10 −4 in the negative part of y. This is due to the fact that the rays in this position of FOV are reflected at the mirror surfaces steeper angle than the other areas of the FOV. The results for the SCS and the ACS are similar to the AAS case, because these have only minor differences in the surface angles with respect to the ray incident to each mirror surface.
Discussions
In this section, the obtained designs are discussed from the point of view of CMB polarization observation. There are a lot of figures-of-merit but we pick out a focal plane area, spectral frequency dependence of Strehl ratio, and Mueller matrix to focus on. Finally, we touch on a future prospect.
We define the effective available focal plane area, A f p , as the area with the SR above 0.95 at 150 GHz within the 32 × 18 square degrees. We place this restriction to the computed area, not based purely on the optical quality, but from practical limits, e.g. the physical interferences among the mirrors, the aperture, and the focal plane. Even within this bounded FOV, the ratio of this effective focal plane area is A f p,ACS /A f p,SCS = 1.16 and A f p,AAS /A f p,SCS = 1.25, respectively. If one places more detectors at a given band by employing AAS, the ratio directly relates to the gain of the number of detectors. Thus, in a single-frequency observation limit, this area ratio is directly related to a gain of a square-root of a mapping speed [25] .
All the results shown in this paper are evaluated at the reference frequency ν ref = 150 GHz. We discuss the prospective performance at other frequencies. We compute SR based on the RMS wave front aberration w, which is independent of the wavelength. Thus, we can extrapolate the computed SR to other frequencies:
where c is the speed of light and SR150 is the SR at 150 GHz. Based on this relationship, the cuts of the projected diffractionlimited focal plane area are plotted in Figure 11 . The bottom line of this plot shows that the entire FOV is diffraction-limited below 400 GHz. This allows a full freedom to choose the placement of the detector at any frequency below 400 GHz. Therefore, the focal plane design has no constraint of placing a higher frequency detector at the center of the focal plane and the lower frequency detector at the edge of the focal plane due to the limited optical performance. Implementing beyond 400 GHz is an option by placing them at the central region of the focal plane. For higher frequency use, the next limitation may come from the surface accuracy, roughness, and misalignment of the primary and secondary mirrors. The element of the computed Mueller matrix also depends on the frequency due to the frequency dependence of the complex index. Although we have no data to infer the effect to the other frequencies, we do not expect 10 % variation of the complex index within a millimeter wave frequency range due to the nature of the SiO and aluminum. Thus, the level of the effect that we estimate still holds within the millimeter wave. In order to judge whether or not this magnitude of the Mueller matrix elements becomes an issue, further study such as the simulation from a telescope to a power spectrum is needed. When they are harmful there are a few methods to mitigate this instrumental polarization effect. One is to use a polarization modulator composed of a half wave plate at the aperture [26] . There seems no significant defects of this telecentric wide FOV telescope relating to optical performances within our study in this paper, therefore, our designs are a candidate for a telescope design for CMB polarization observation. Some performances which are not investigated in this paper will be issues to be addressed, e.g. the size of two large mirrors, stray light, and physical optics performance.
As a further study, although we have limited our discussion with the F number of 3.0 and the entrance pupil diameter of 400 mm in this paper, this optical design can be extended to other F number and the entrance pupil diameter when applied to a ground-based telescope. The design example with using SCS can be found in Bernacki et al. [27] .
In the actual CMB telescope, the study to avoid stray light is needed. It is in progress but one example of a baffling structure is shown in Fig. 2 . In addition, the coupling between the PSF from the telescope and the beam pattern from the feed-horn is important to understand. This requires the physical optics simulation, and this is also in progress. They are beyond the scope of this paper.
A large diameter radio telescope traditionally employs an onaxis telescope with a single feed-horn. Given increasing interest for a larger FOV in the radio community, the telecentric wide FOV telescope obtained here can be a candidate with two large mirrors instead of the one large primary and the small secondary seen in a conventional radio telescope.
Conclusions
We report the wide FOV CD telescope using the anamorphic aspherical surfaces with the correction terms up to 10th order. We achieve 32 × 18 square degrees with SR > 0.95 for AAS at 150 GHz. This AAS system with this FOV achieves sufficient telecentricity in the image space. This FOV is diffractionlimited below 400 GHz. Thus, when one designs a multifrequency focal plane, one can choose any place to put detectors as long as the detection band of each detector is below 400 GHz. Such this design is particularly attractive for use in a multi-color large focal plane CMB telescope from a balloon and space platform.
